A computer program, OLIGO, 1s described which was designed to manage projects Involving the synthesis of large numbers of oUgonucleotide fragments using cellulose discs as Immobilizing support. The program performs the functions of data entry, verification, analysis and modification; the sorting of filters before each step and project status updating after each reaction step; output of the project status at any point and storage of the finalised project data 1n a permanent reference file.
INTRODUCTION
The ability to synthesize DNA molecules of defined sequence has become of fundamental importance to research 1n recombinant DNA and molecular biology. There has been a very rapid evolution 1n the technologies for making synthetic oligonucleotides, resulting in the more rapid synthesis of longer and longer segments of DNA (1). Some of the methods of DNA synthesis have lent themselves to automation (2) and now there are a variety of DNA synthesizers commercially available. Manual methods, however, are still widely used.
The Importance of synthetic oligonucleotides lies 1n many areas. Historically, one of the earliest uses has been as gene probe mixtures for Isolating specific genes from cDNA banks (3). The sequences of these probe mixtures are derived from the araino acid sequences of the specific proteins Involved. This approach has been extended to the use of very long unique probes which have been successfully used In both cDNA (4) and genonvtc banks (5). A second major use of synthetic oligonucleotides lies in the production of linker and adaptor molecules to enable the manipulation of natural DNA sequences for many purposes, such as studies of gene transcription and "Source program will be provided upon receipt of a self addressed mailing label and a blanck tape. A small charge will be requested to cover mailing and processing*.
DATA FORMAT AND DATA HANDLING
There are two data storage requirements for the computer management of an oligonucleotide synthesis project. These are a) storage of the sequences to be made, 1n a format which makes them readily accessible for verification, analysis and modification, and b) storage of all the necessary information about the current status of the synthesis project at any given point.
This has been accomplished in the program OLIGO, to be described, by means of a single sequential data file with the following format. The first line of the file contains three Integers. These represent the number of oligonucleotides in the file, the length of the longest oligonucleotide to be synthesized and the number of reaction steps already carried out at any given point during the project. The remainder of the file contains an entry for each oligonucleotide. This entry contains a) the length of the oligonucieotide, b) the oligonucleotide sequence in lines of 60 bases, and c) a status record for the sequence, which consists of one character for each nucleotide in the sequence. This record 1s Initially blank, and as each nucleotide is added to the growing chain, an asterisk Is stored in the corresponding position in the status record.
The oligonucleotide sequences, 1n line with common practice, are stored in the 5' to 3' orientation. However, using current synthesis methodologies, the oligonucleotides are synthesized from the 3' end towards the 5' end. Thus, when visualising the current status of the synthesis project, the asterisks will appear from the righthand end of the sequences. Since the sequence lengths are not usually all Identical, the sequences and their status records are always printed out right-justified to the longest sequence for clarity. It 1s for this reason that the length of the longest sequence must be stored 1n the data file.
The data size limits are currently set at 300 oligonucleotides of maximum length 200 bases, although this can be readily modified should experimental needs ever exceed these values. The size limits are such that the whole datafile can be read into memory at once, resulting 1n extremely fast execution by avoiding repeated disk access for partial data processing.
PROGRAM DESCRIPTION
The Figure 2 shows the input of a set of oligonucleotides designed for mutagenesis of the enhancer region of SV40 by shotgun Ugation (16). Once sequence Input 1s complete, the user is asked to provide a file name for this project and the Input data 1s stored on disk ready for future processing, 1n the format described above. The list of oligonucleotide sequences is also printed at this point for verification by the user.
Verification of Oligonucleotide Sequences
During the execution of any Interactive program there 1s a risk of user input error. Owing to the monotonous nature of nucleotide sequence data, in projects requiring sequence data entry the risk 1s considerable. It is generally accepted that one of the best methods of eliminating input error 1n a nucleotide sequence is to enter the sequence twice and to check for discrepancies by computer program. Option 1 of OLIGO may be used twice to enter the oligonucleotide sequences and store them 1n two separate files. Option 2 Is then used to compare every oligonucleotide sequence 1n the first file with its corresponding sequence in the second file. Where discrepancies are found, the two sequences are printed, one above the other, with an asterisk marking each position where the sequences do not correspond. Once data correction has been completed, the modified data will then be stored on disk and printed out for reverification. 
OUgonucleotide Sequence Analysis
In designing synthetic oligonucleotides there Is generally a need for a detailed analysis of the sequences to ensure that certain problems will not arise 1n their subsequent use. A first obvious example 1s to ensure tnat the components of an oligonucleotide mixture are not able to form internal hairpin loops which would interfere with their use as probes. Palindromes within one molecule and any type of dyad symmetry between two molecules may also need to be avoided, since they can cause single stranded oligonucleotides to associate with each other to form double stranded regions. In addi- Any necessary modifications to the sequences, found by the analyses just mentioned, may be made using option 3 described above.
Project Planning and Data Processing
Having entered, verified, analysed and stored his project data, the user 1s then ready to carry out the chemical synthesis of the oligonucieot1des. Option 5 of OLIGO directs this process by sorting the set of filters for each chemical reaction at each step and printing the current project Following is the oligo lilt for the next let of tubas.
•*« --> 28 filters. The user may then ask to plan the next set of reactions. The program will analyse the sequences to determine which nucleotide must be added next to each oligonucleotide. A 11st of oligonucleotides will then be assembled for each of the four reaction tubes and printed out. A list of the oUgonucleotides which were completed during the previous step is also printed, in order that these filters may be removed from the current set. Figure 5 is a sample of the output provided. The user will then be asked if he wishes to update the project for this step. If he Intends to carry out this reaction step immediately he will agree to the update and an asterisk will be added for the next nucleotide 1n each sequence. The user will then be given the option of printing out the new current project status. This proc- ess will be repeated until the user has no further need to plan the next set of reactions, at which point he is returned to the main program menu.
Reference File Creation
The scientist synthesizing a set of oligonucleotides will normally wish to keep a permanent record of the sequences he has created, along with a certain amount of information for Identification and characterisation purposes. Option 6 of OLIGO provides the facility for creation of a text file for the current oligonucleotide sequence project. The user is asked to provide a letter as alphabetic code for the series and a data file name. A reference file is then created with the format shown in figure 6. The user is then free at a later date to access this file with a text editor to add any desired comments to the right of each oligonucleotide entry.
DISCUSSION
The program OLIGO described here provides the complete data management required for extensive DNA synthesis projects Involving the recently developed modification of Immobilization on cellulose filters. As well as addressing the major problem of filter sorting, which hampers this synthetic strategy when done manually, the program also provides other necessary functions. These are data entry, verification, modification and output, analysis of the oligonucleotides to be synthesized, project status output and permanent data storage of the final synthesis project. Its utilization enables this kind of project to be performed with significantly greater efficiency and with a major reduction 1n error frequency.
This program provides yet another example of the Importance of computer systems to modern molecular biology. A very large number of programs and systems have now been created (18,19) for tfte storage, handling and analysis of nucleic acid and protein sequence data. In fact, a major part of recorabinant ONA-related research 1s now no longer possible without access to these kind of systems. Synthetic DNA molecules now constitute an essential part of this type of research, and their design and analysis before synthesis generally also require the same kinds of computer analysis programs.
While much synthetic DNA 1s now made with automated synthesizers, this synthetic approach can still be a major financial burden. Generally the automated machines themselves are very expensive, and 1n addition, there are usually lower limits to the amounts of DNA which can be made, which enormously exceed the requirements of most recombinant DNA experiments. For this reason, manual synthesis 1s still an attractive option for many laboratories. This is particularly the case with the recent approach of synthesis on filters, which greatly simplifies the steps required to make a set of oligonucleotides and has been shown to be feasible in making, at very moderate cost, a large number of oligonucleotides (15). Thus, 1t gives to laboratories not equipped with extensive automated equipment the option of embarking on research approaches involving very large amounts of synthetic DNA. The program OLIGO addresses the entire data management and analysis of such a project, as well as greatly reducing the burden of resorting the filters after each synthetic step. The utility of the program 1s already well established 1n the authors' laboratory, where 1t 1s being used 1n the synthesis of oligonucleotides such as those shown 1n this work for the Investigation of structure function relationships of the enhancer region of SV4O. The details of such studies will be reported elsewhere.
Finally, it 1s clear that the approach of making a large number of oligonucleotides with only 4 reaction vessels, may be an attractive one for automation. In this event, however, the need for data management and sortIng control and verification will remain, or even Increase. Should automation of this synthesis strategy be feasible, then the type of program described here will perhaps be the prototype for more sophisticated ones required to regulate such an automated system.
